Abstract We report nanosecond time-resolved photoluminescence measurements on the isoelectronic series of oxygen deficient centers in amorphous silica, Si-ODC(II), Ge-ODC(II) and Sn-ODC(II) which are responsible of fluorescence activities at ∼4 eV under excitation at ∼5 eV. The dependence of the first moment of their emission band on time, and that of the radiative decay lifetime on emission energy are analyzed within a theoretical model able to describe the effects introduced by disorder on the optical properties of the defects. We obtain separate estimates of the homogeneous and inhomogeneous contributions to the measured emission linewidth and we derive homogeneous spectroscopic features 1 of the investigated point defects (Huangh-Rhys factor, homogeneous width, oscillator strength, vibrational frequency). The results point to a picture in which an oxygen deficient center localized on a heavier atom features a higher degree of inhomogeneity due to stronger local distortion of the surrounding matrix.
Introduction
Amorphous silicon dioxide (silica) is a wide band-gap insulator widely used in present optical and electronic technologies. As a matter of fact, it is the material of choice to fabricate the insulating films incorporated in common metal-oxidesemiconductor (MOS) transistors, and optical components to be used in the ultraviolet (UV) spectral range, such as lenses, fibers, and Bragg gratings. [1, 2] Since the presence of point defects in SiO 2 significantly compromises the performance of the material in applications, defects in SiO 2 are an important and widely debated technological problem in current literature.
On the other side, the physics of color centers embedded in an amorphous matrix is a fundamental scientific problem which poses several unanswered questions. [3] In a crystal, members of an ensemble of identical defects are virtually indistinguishable from the spectroscopical point of view, since their local environments are identical as well due to translational invariance of the solid.
Hence, absorption or photoluminescence (PL) lineshapes, as well as decay lifetimes, are to be considered in this case as homogeneous properties of the defects.
On the other hand, defects in an amorphous solid are supposedly characterized by statistical distributions of the spectroscopic properties, since the disorder of the matrix gives rise to site-to-site differences among the environments experienced by the single centers. For this reason, it is generally assumed that the lineshapes of their optical bands feature an inhomogeneous broadening, [1, 2, 4] so that the overall spectroscopic properties of an "amorphous defect" are deter-mined by the concurrence of homogeneous and inhomogeneous effects.
While this general interpretation scheme is widely accepted in literature, no general approach is currently available to separate the homogeneous and inhomogeneous contributions to the experimentally observed linewidth of an absorption or PL band. Moreover, almost nothing is known on the effect of inhomogeneity on the decay properties of a defect. The homogeneous absorption linewidth is due to electron-phonon interaction, and is determined by basic physical properties of the defect, namely the Huangh-Rhys factors and the phonon vibrational frequencies. [1, 2] In the past, many techniques were used to attempt its estimation in several heterogenous systems: exciton resonant luminescence, resonant second harmonic scattering, femtosecond photon echo, spectral hole burning. [5, 6, 7, 8] This last technique is particularly interesting also for its technological implications, namely the promising feature of writing information bits as homogeneous "holes" in a sufficiently broad inhomogeneous optical band, thus creating solid state optical memories with very high bit density. [2, 4] In a recent paper, [9] we have proposed a new experimental approach to this problem, which allows to estimate the inhomogeneous and homogeneous linewidths of a defect based on studying the variations of the radiative decay lifetime within an inhomogeneously broadened emission band. Our aim here is to apply this technique to a particular kind of point defect in silica, the so-named Oxygen Deficient Center of the second type, shortly ODC(II). The ODC(II) exists as an intrinsic defect or in two extrinsic varieties related to the impurity content. Its mostly accepted structural model consists in a twofold coordinated atom (=X •• ) [10, 11, 12] , where X can be either a Si (Si-ODC(II)), a Ge (Ge-ODC(II)) or a Sn (Sn-ODC(II)) atom. However, the structure of Si-ODC(II) is still debated at the moment [13] , as it has been proposed an alternative model of the defect as a neutral oxygen vacancy between two silicon atoms (≡Si-Si≡). [14, 15] 
Experimental Methods
We report measurements performed on three samples chosen because they contain Si-ODC(II), Ge-ODC(II), Sn-ODC(II) defects, respectively. The first sample is a synthetic silica specimen (commercial name: Suprasil300), hereafter named S300, with a nominal concentration of impurities <1 ppm in weight.
The second one is a fused silica sample (commercial name: Infrasil301), hereafter named I301, manufactured by fusion and quenching of natural quartz, with typical concentration of impurities ∼20 ppm in weight. In particular, as-grown I301 features a ∼1 ppm concentration of Ge impurities, due to contamination of the quartz from which the material was produced. These two samples were provided by Heraeus Quartzglas [22] and were 5 × 5 × 1 mm The detection system can be triggered so as to acquire the emitted light only in a given temporal window defined by its width (t W ) and by its delay t from the laser pulse. Our experimental setup features an acquisition deadtime related to the falling front of laser pulse. In the following, the origin (t=0) of the time scale is accordingly defined as the time of the first possible measurement, corresponding to about ∼2ns after the instant of arrival of laser peak intensity.
All PL signals were corrected for spectrograph dispersion and instrumental response. All measurements reported here were performed on silica samples kept at cryogenic temperature (10 K) in high vacuum (∼ 10 −6 mbar) within a He flow cryostat (Optistat CF-V, OXFORD Inst.).
Results
In Figure 1 we show a typical time-resolved measurement of the PL activity of Sn-ODC(II) in the Sn-doped silica sample. The measurement was performed under laser excitation at 248 nm (5.00 eV), corresponding to the peak absorption wavelength of the defect at cryogenic temperature. The PL signal L(E, t)
was monitored by performing 120 acquisitions with the same integration time t W =0.5 ns but at different delays t, going from 0 to 60 ns. The dashed line reported in Figure 1 follows the peak position of PL band as a function of the delay time from the laser pulse: there is a clear evidence of a progressive change of the observed PL lineshape, whose peak moves from 4.2 eV at t=0 ns to 4.1 eV at t=28 ns. In Figure 2c we report the signal acquired for t = 0 ns, correspond-ing to the most intense spectrum in Figure 1 . The PL band of Sn-ODC(II), as acquired immediately after the end of the laser pulse, is peaked at ∼4.2 eV and features a 0.48 eV width (Full Width at Half Maximum, FWHM).
Analogous time-resolved measurements were carried out on the PL activity of Si-ODC(II) defects in the S300 sample using a 248 nm (5.00 eV) excitation wavelength. The decay was monitored varying t from 0 to 20 ns and with t W =0.5 ns. We report in For each of the three activities (Si-ODC(II), Ge-ODC(II), Sn-ODC(II)), we calculated the PL decay lifetime τ (E) at different emission energies E. At the chosen measurement temperature, the decay kinetics of all the three activities result to be single-exponential due to quenching of the non-radiative decay channels. [12, 13, 18, 24] As a consequence, the radiative lifetimes were obtained by fitting with a single exponential function (1) data at several values of E.
I(E, t) = I(E, 0)e
In Figure 2d we report so-calculated lifetimes τ (E) and we observe that all PL activities in silica feature a dispersion of the radiative lifetime as a function of the emission energy: the lifetime goes from ∼4 to ∼5 ns for the Si-ODC(II), from ∼7 to ∼11 ns for the Ge-ODC(II) and from ∼5 to ∼9 ns for the Sn-ODC(II).
Also, we calculated by numerical integration from time-resolved spectra L(E, t) (as in Figure 1 Figure 1 for the Sn doped sample.
Discussion
We have recently proposed a theoretical model that allows to interpret the be- is equivalent to a distribution of the peak PL emission energy E e , 1 and physically represents the existence of different environments which accommodate the defects at different sites of the amorphous matrix. For further details we refer to the original paper. [9] On these basis, one can write a quantitative expression of the PL emitted by the ensemble of color centers in the amorphous solid: [9] L s (E, t| E e , σ in , σ ho , f ) ∝
Eq. 2 expresses the overall emission signal L s (E, t) measured at time t at the spectral position E. It is obtained by convolution of a gaussian distribution of E e , whose half-width σ in represents the inhomogeneous linewidth of the ensemble of defects, with a homogeneous term (within squared parentheses)
representing the PL of a defect emitting at a given value of E e and with (undistributed) homogeneous half-width σ ho : the spectral shape of the homogeneous term is E 3 P (E|E em , σ ho ), the P function being a Poissonian with first moment E e and second moment σ ho , and its radiative lifetime is given by the Forster's equation: [25] 1
where f is the oscillator strength of the defect, and n is the refractive index of silica.
2 Eq. 3 basically arises from Einstein's relation for spontaneous emission integrated on the PL lineshape. Summing up, one can numerically integrate Eq.
2 in order to simulate the time-resolved PL spectra, L s (E, t), as a function of the four parameters E e , σ in , σ ho , f . From L s (E, t) one can then easily calculate the decay lifetime τ s (E) and the kinetics M 1s (t) of the first moment, by using the same procedure applied to the experimental data L(E, t). This argument can be made quantitative by fitting experimental data, for each of the investigated PL activities, with our model (Eq. 2) in order to esti- the best values of the parameters ( E e , σ in , σ ho , f ) that produce a set of three theoretical curves simultaneously fitting the PL shape at t=0 (Figure 2a , b, c), the dispersion of the decay lifetimes ( Figure 2d ) and the kinetics of the first moment ( Figure 2e ). The continuous lines in Figure 2 represent the results of our fitting procedure. It is worth noting the goodness of the fit obtained by using only four free parameters considering the contemporaneously minimization on spectral and temporal data. Only for the lineshape at t=0 of Sn-ODC(II) the fitting curve does not reproduce well the experimental data: this could be due to the presence of another spurious PL signal at lower energy which apparently enlarges the band, or to the partial failure for this defect of the approximations inherent in our model, e.g. more than one homogeneous parameter to be distributed. However, the behavior of first moment and lifetime dispersion are still well reproduced by the theoretical model; hence, we consider the numerical results to be reliable also in this case. In Figure 2a , b, c we also show, with dashed line, the Poissonian homogeneous lineshape of half-width σ ho as obtained by our fit procedure for all investigated activities.
Eq. 3 implies that defects with different emission positions E
The upper part of Table 1 resumes the best fit parameters obtained for all investigated PL activities. We calculate the parameter λ = σ Sn impurities are isoelectronic to Si atoms and thus able to be accommodated in substitutional positions. Nonetheless, the distortion they cause to the matrix presumably extends over a larger surrounding volume than a single SiO 2 tetrahedra due to their being bigger and heavier than their intrinsic counterpart. A bigger volume affected by the presence of the defect is expected to result in a higher sensitivity to site-to-site structural fluctuations, which eventually causes stronger fluctuations of E e . These considerations based on the experimental results reported here are at variance with previous ones based on computational findings in reference [26] where it was argued that heavier Ge and Sn atoms are much less sensitive to the details of local geometry. In this regard, we want to stress that the phonon-assisted ISC process at room temperature, responsible of excitation of the triplet band in ODCs(II), is more efficient for heavier atoms in the isoelectronic series Si-Ge-Sn: [16] this indicates a stronger coupling with environment for impurities atoms. The results reported here complete the characterization of the isoelectronic series of oxygen deficient centers in silica,
by yielding information about their inhomogeneous properties, which adds to existing knowledge founded on traditional spectroscopic investigation.
Other two parameters of interest can be calculated from σ ho : the vibra-tional frequencyhω p = σ 2 ho /S and the Huang-Rhys factor H = S 2 /σ 2 ho . In these expressions, the parameter S represents the half Stokes shift, estimated experimentally by measuring the half-difference between the spectral positions of the excitation energy and emission peaks. S results to be: 0.27 eV, 0.38 eV and 0.41 eV, in Si, Ge and Sn-ODC(II) respectively. Based on these values of S, we calculatehω p and H, reported in the lower part of Table 1 . The vibrational frequencies found here for ODC(II) defects show that all of them are preferentially coupled with very low frequency vibrational modes, accordingly with previous experimental and computational results. [18, 27, 28] Albeit the relatively high uncertainty onhω p as determined by the fitting procedure, data show a decreasing trend while going from the lightest to the heavier ODC(II).
Qualitatively, this is to be expected if one roughly assumes that the variations in the force constant of the vibration are negligible from Si to Sn: indeed, the frequency of a mode highly localized on the central atom should in this case be inversely proportional to the square of its mass. It is possible to object that the lowerhω p frequency obtained for Sn-ODC(II) could be affected by the worse fitting result obtained on its PL lineshape; on the other side, it is worth stressing that the above discussed results on heterogeneity are poorly affected by this fact, as they mainly depend on the well fitted slope of the first momentum and lifetime dispersion curves.
Finally, the values of the oscillator strength found here, are in excellent agreement with those reported in a review paper about oxygen deficiency centers in silica [13] : 0.03-0.07 for Ge-ODC(II) and 0.15 for Si-ODC(II).
Conclusions
We studied by time-resolved luminescence the defects belonging to the isoelectronic series of oxygen deficient centers in amorphous silicon dioxide. The dispersion of the emission lineshape was used as a probe to quantitatively evaluate the influence of inhomogeneous effects on the optical properties of the defects.
We provided for Si-ODC(II), Ge-ODC(II) and Sn-ODC(II) an estimate of the inhomogeneous and homogeneous widths, on the grounds of a simple theoretical model that is able to well reproduce all experimental findings. The degree of inhomogeneity of the defects turns out to grow regularly with the atomic weight of the central atom, while the variations of the homogeneous properties are weaker.
Along with the homogeneous width, we estimated also the other homogeneous parameters of oxygen deficient centers: oscillator strength, Huangh-Rhys factor and vibrational frequency of the electron-phonon interaction.
